Background: MicroRNAs (miRNA) play a relevant role in carcinogenesis, cancer progression, invasion, and metastasis. Thus, they can serve as diagnostic/prognostic biomarkers. The knowledge on circulating miRNAs for clear cell renal cell carcinomas (ccRCC) is limited. Our study was designed to identify novel biomarkers for ccRCC patients. Results: The serum small RNA expression profile was determined in 18 ccRCC and 8 patients with benign renal tumors (BRT) using small RNA sequencing. We detected 29 differentially expressed miRNAs (17 upregulated and 12 downregulated in ccRCC) in the expression profiling cohort. Based on the expression levels, we next validated serum miR-122-5p, miR-193a-5p, and miR-206 levels in an independent cohort (68 ccRCC, 47 BRT, and 28 healthy individuals) using quantitative real-time PCR. Serum expression levels of miR-122-5p and miR-206 were significantly decreased in ccRCC compared to healthy individuals. Both miRNAs were circulating at similar levels in ccRCC and BRT patients. miR-193a-5p expression levels were not different within the study cohort. High serum miR-122-5p and miR-206 levels were associated with adverse clinicopathological parameters: miR-122-5p levels were correlated with metastatic RCC and grade, and miR-206 with pT-stage and metastasis. Furthermore, high miR-122-5p and miR-206 serum levels were associated with a shorter period of progression-free, cancer-specific, and overall survival in patients with ccRCC. Conclusion: We identified serum miR-122-5p and miR-206 as novel non-invasive prognostic biomarkers for patients with ccRCC.
Background
Kidney cancer represents 2-3% of human malignancies and among these about 80% are renal cell carcinomas (RCC) [1] . The most common subtype with over 90% is clear cell renal cell carcinoma (ccRCC) [2] . In 2012, 84.400 new cases of kidney cancer and 34.700 cancer deaths occurred in the European Union [3] . Modern ultrasound and computed tomography technologies enable to diagnose kidney tumors in early stages, many of them are in low stage and grade, and up to one third of these tumors are benign [4] . Imaging modalities do not allow precisely distinguishing between benign and malignant tumors, and thus many patients undergo surgery even for non-cancerous tumors. The availability of a non-invasive biomarker could help to avoid unnecessary surgery. Furthermore, prognostic biomarkers could aid the clinician to choose aggressive or rather conservative therapies. Unfortunately, there is no biomarker for ccRCC established in clinical practice by now.
Small non-coding RNAs, especially miRNA, became an important matter for biomarker researchers. miRNAs regulate important cellular functions like apoptosis and proliferation. Differential expressions of miRNAs have been detected in various cancer entities including ccRCC [5] . Several studies highlighted that miRNA expression levels in ccRCC tissue provide diagnostic and prognostic information [6] [7] [8] . miRNAs are also circulating in blood and they are characterized by a remarkable stability against degradation by RNases, pH changes, and freeze/thawing [9] . Thus, circulating miRNAs may serve as non-invasive biomarkers.
However, less is known about miRNAs in body fluids of ccRCC patients so far: several studies indicated that serum miRNA expression may be of diagnostic interest [10] [11] [12] . It was furthermore shown that analysis of a five-miRNAspanel improved the diagnostic accuracy [13] . A single study also demonstrated that high plasma miR-221 levels were associated with death by RCC [14] . Notably, most earlier studies compared the expression of circulating miRNAs in ccRCC patients with healthy individuals, and only few information is available regarding their expression in patients with benign renal tumors [15] .
Other small non-coding RNAs, like PIWI-interacting RNAs (piRNAs), also moved into focus of biomarker researchers. They harbor gene regulatory functions in nucleus and cytoplasm and block transcriptional activity of mRNA synthesis together with PIWI proteins [16, 17] . Two recent studies reported piRNAs in RCC tissue as prognostic biomarkers [18, 19] .
In order to improve the current knowledge on circulating small non-coding RNAs and their diagnostic/prognostic relevance in ccRCC patients, we used small RNA sequencing to identify potential novel biomarkers and validated our findings in an independent cohort of ccRCC patients. We thereby identified miR-122-5p and miR-206 as prognostic biomarkers for patients with ccRCC.
Methods

Patients
Serum samples were collected within the framework of the Biobank at the CIO Cologne-Bonn at the Department of Urology at the University Hospital Bonn according to standard operating procedures. Serum samples were obtained from patients who underwent radical or partial nephrectomy for renal tumors between 2006 and 2016. All serum samples were collected before surgery. In addition serum samples from healthy donors were obtained. The clinicopathological parameters are shown in Table 1 . Overall, cancer-specific and progression-free survival data were available for all patients in discovery and validation cohort. Blood samples were withdrawn in S-Monovette Serum-Gel tubes with clotting activator (Sarstedt, Nümbrecht, Germany). After centrifugation serum was separated and stored in cryotubes at − 80°C. All patients gave written informed consent. The study was approved by the ethic committee at the University Hospital Bonn (240/14).
Small RNA sequencing
In order to obtain a small RNA expression profile in serum of ccRCC patients, we performed small RNA sequencing experiments with serum samples from patients with ccRCC (n = 18) and benign renal tumors (BRT; n = 8). The BRT group consisted of four oncocytoma and four complicated kidney cysts; these patients underwent surgery for the suspicious of malignancy. The experiments were carried out by Biogazelle (Zwijnaarde, Belgium) as a contract service. In brief, serum samples were shipped on dry ice to Biogazelle. The RNA was isolated with the Qiagen miR-Neasy Serum/Plasma kit (Hilden, Germany). The NEBNext Small RNA Library Prep Set kit (New England Biolabs, Ipswich, USA) was used for library preparation and the small RNA library pools were then sequenced on an Illumina NextSeq 500 sequencer (San Diego, USA). Sequencing reads were mapped to the reference genome (GRCh38) using the short-readaligner Bowtie [20] . Genome annotation data from miRBase (release21), Ensemble (release 78), and USCS (assembly hg38), and other small RNA types (e.g., piRNA, sn(o)RNA, rRNA and tRNA fragments) was used to annotate the mapped reads to the mature miRNAs. The miRNA expression data were filtered using a cut-off of four reads and normalized based on the total read count per sample. Each miRNA read count was divided by the total read count in that sample and multiplied by the median of total read count across all samples. After normalization all data were log2-transformed. The raw data of the small RNA sequencing are provided at the Gene Expression Omnibus (GEO) database (record: GSE85699). 
Quantitative real-time PCR
In order to validate the small RNA expression profile, we determined exemplarily the expression of three differentially expressed miRNAs using quantitative real-time PCR. The validation cohort included 68 ccRCC, 47 BRT, and 28 healthy individuals. The BRT group consisted of patients, who underwent renal surgery with histological finding of angiomyolipoma, oncocytoma, and complicated kidney cysts. Total RNA was isolated using the mirVana PARIS Kit (Thermo Fisher Scientific, Waltham, USA) from 400 μl serum. Reverse transcription was performed using the miScript II RT Kit (Qiagen, Hilden, Germany). Additionally, 12 cycles of preamplification were performed with the Qiagen miScript PreAMP PCR Kit using a primer mix compiled of the pre-designed primer assays for the target miRNAs miR-122-5p (MS00003416), miR-193a-5p (MS00008932), and miR-206 (MS00003787) and the endogenous reference genes miR-16 (MS00006517), miR-191-5p (MS00003682), and miR-320a (MS00014707) and a custom designed primer assay for the piR-uc032och.1. The endogenous reference genes mir-16, miR-191-5p, and miR-320a were stably expressed in the previous small RNA sequencing experiment and earlier studies demonstrated their usefulness as reference gene [21] [22] [23] . Quantitative realtime PCR was performed with 1 μl preamplified cDNA using the Qiagen miScript SYBR Green PCR Kit on an Applied Biosystems 7900 HT Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA) using the Qiagen miScript primer assays described above. The expression data were analyzed with Qbase + (Biogazelle, Zwijnaarde, Belgium) in the 2-ΔΔCT algorithm, using target specific amplification efficiencies and normalization to the reference genes miR-16, miR-191-5p, and miR-320a. Target genes were scaled to average.
Statistical analysis
The statistical analysis was performed using IBM SPSS Statistics v24 and R v3.3.3. Mann-Whitney-Wilcoxon test was used to compare the expression in subgroups. ROCanalysis and area under curve (AUC) calculations were used to compare the discrimination between control and ccRCC samples for single miRNA expression variables (pROCpackage for R). Logistic regression-based model was used to merge the expression of miR-206 and miR-122-5p into one variable to identify the additional discriminative value of simultaneous expression analysis during ROC/AUC-analysis. Optimized cut-off selection during survival analyses was carried out using cutp-function of survMisc package for R (principle: univariate Cox regression-based consecutive analysis of all available cut-offs in the cohort; cut-off selection is based on the best p level < 0.05). A p value < 0.05 was considered as statistically significant, and all analyses with p values between 0.05 and 0.1 were considered to be a trend to statistical significance.
Results
Small RNA expression profile
Small RNA sequencing was performed with 26 serum samples to identify differently expressed miRNAs between patients with ccRCC (n = 18) and BRT (n = 8). Among 2.588 detectable miRNAs, we observed differential expression of 29 miRNAs (p < 0.05): 17 miRNAs were up-and 12 miRNAs were downregulated. Most of these miRNAs have not been described dysregulated for RCC by now (e.g., miR-885-3p, miR-450a
. miR-122-5p and miR-206 have been examined in renal cell carcinoma tissue so far. A summary of differentially expressed miR-NAs in serum of ccRCC and BRT patients is provided in Additional file 1: Table S1 . We also investigated the serum piRNA levels in addition to the miRNA expression profile: 670 piRNAs were detected in serum, but most of them had very low expression values. Only piRNA uc032och.1 was significantly upregulated in serum of ccRCC patients (log2 FC 1.93, p < 0.001; see Additional file 1: Figure S1 ). We created a Qiagen custom miScript primer assay for this piRNA, but given the small amount of piRNA in each serum sample (counts < 332), it was not possible to amplify the piRNA exponentially. Especially, the BRT group showed very low expression levels with an average count of 11.75 in contrast to RCC serum levels (average count = 72).
Validation of serum miRNA expression
To validate the small RNA expression profile, we determined exemplarily the expression of three differentially expressed miRNAs which have not been studied in serum by other researchers yet and which were strongly expressed in serum to allow proper quantification. The independent validation cohort consisted of 143 serum samples including 68 ccRCC, 47 BRT (compiled of 17 oncocytoma, 14 angiomyolipoma and 16 complicated kidney cysts), and 28 healthy individuals. Serum miR-122-5p (log2 fold change − 1.55; p = 0.002) and miR-206 (log2 fold change − 1.56; p < 0.001) levels were significantly decreased in ccRCC patients compared to healthy individuals (see Fig. 1 ). miRNA-122-5p was also downregulated in BRT patients compared to healthy individuals (log2 fold change − 2.9; p < 0.001). miR-206 was upregulated (log2 fold change 0.36; p < 0.001), but this finding is mostly due to three outliers. All miRNAs were circulating at similar levels in BRT and ccRCC patients. Serum miR-193a-5p levels were similar in ccRCC, BRT and control subjects (all p > 0.3). To evaluate the usability of these miRNA to serve as serum biomarkers, we performed ROC analyses ( Fig. 1  d-f ): miR-122-5p, miR-206 and a combination of both could discriminate between ccRCC and healthy controls with an area under the curve (AUC) of up to 0.733 (95% confidence interval: 0.616-0.849) for single miR-206 expression at a specificity of 57.1% and a sensitivity of 83.8% (expression threshold = 4.0).
Correlation of serum miRNA expression with clinicopathological parameters and survival analyses
We next correlated serum miRNA expression with clinicopathological parameters (see Fig. 2 and Table 2 ): miR-122-5p levels were significantly increased in metastasized ccRCCs (cM0 vs. cM1; p = 0.045) and advanced Fuhrman Grade (G1/2 vs. G3/4; p = 0.001). Additionally, we observed a trend of increased miR-122-5p levels in pN1 serum samples (p = 0.069). Serum miR-206 expression was significantly increased in advanced pT-stage (pT1/2 vs. pT3/4; p = 0.006) and metastasized ccRCC (cM0 vs. cM1; p = 0.002) and in advanced Fuhrman Grade as a trend (G1/2 vs. G3/4; p = 0.053).
As a next step, we compared the serum expression in advanced clear cell renal cell carcinomas in comparison to the healthy control group. Advanced RCC was defined as pT3/4, lymph node or distant metastasis or Fuhrman Grade 3 or 4. Serum miR-206 expression was significantly increased in advanced ccRCC (log2 fold change − 1.07, p = 0.03), whereas miR-122-5p levels were circulating at similar levels.
Univariate cox regression analysis demonstrated that increased miR-122-5p and miR-206 serum levels were correlated (all p < 0.005) with a shorter period of progression-free, cancer-specific, and overall survival (see Table 3 for details). Kaplan-Meier visualizes the prognostic relevance of miR-122-5p and miR-206 expression for RCC patient survival (see Fig. 3 ).
From a statistical point of view, the most evaluable endpoint for multivariate Cox regression analysis in our cohort was progression-free survival (number of patients with complete data 67, number of progression events 18). In a number of models with inclusion of both miRNAs and relevant clinicopathological variables (Table 4) , we have shown an independent prognostic value of miR-206 expression in serum, whereas expression of miR-122-5p failed to provide this information. The analysis with regard to other endpoints (cancer-specific and overall survival) is shown in Additional file 1: Table S2 and Additional file 1: Table S3 , but it should be noticed that the small cohort size/number of events limits the statistical power.
Discussion
Despite many efforts within the past years, there is no biomarker available for patients with RCC. Circulating miRNAs have been characterized in several studies, but most of them focused on miR-210 [21, 24] . The aim of our study was to identify novel serum miRNAs as noninvasive biomarker for RCC.
Using small RNA sequencing of serum samples from patients with ccRCC and BRT, we discovered 29 differentially expressed miRNAs, thereof 17 upregulated and (d, e) , showing the superiority of miR-206 under miR-193a-5p in terms of discrimination (miR-193a-5p does not provide any additional discriminative capability to that of miR-206). AUCarea under curve with 95% confidence intervals (also outlined as blue space along the ROC-curve). In (e, f) cross-figure means the best threshold in terms of specificity and sensitivity 12 downregulated. Among these, only miR-99b-5p levels have been examined in serum samples of RCC patients by Lukamowicz-Rajska et al. [25] . They reported increased miR-99b-5p expression levels in RCC tissue in patients with response to tyrosine kinase inhibitor treatment and a long progression-free survival; however, they did not observe a predictive value of circulating miR-99b-5p in serum samples as well.
We exemplarily validated the expression profile by analyzing three miRNAs so far not investigated in serum/plasma of RCC patients. Notably, we observed differential expression of miR-122-5p and miR-206 in ccRCC and healthy subjects, but both miRNAs were circulating at similar levels in ccRCC and BRT patients. In contrast to other studies [14] , we did not only compare the serum of patients with ccRCC and a control group with healthy subjects, but also a group Fig. 2 Correlation clinicopathological parameters. miR-122-5p serum levels were significantly increased in advanced Fuhrman Grade (a) (p = 0.001) and metastasized ccRCCs (b) (p = 0.044). Serum miR-206 expression was significantly increased in advanced pT-stage (c) (p = 0.006) and metastasized ccRCC (d) (p = 0.002). Abbreviations: G1/2, Fuhrman Grade 1 and 2; G3/4, Fuhrman Grade 3 and 4; M0, M-stage 0; M1, M-stage 1; T1/2, T-stage 1 and 2; T3/4, T-stage 3 and 4 of patients with benign renal tumors. This group consists of angiomyolipoma, oncocytoma, and complicated kidney cysts. All patients with benign tumors underwent renal surgery for the suspicious of malignancy. To the best of our knowledge, our study is the first which included this clinically relevant cohort of benign tumors at a larger number.
Even though none of the three miRNAs were successfully validated as diagnostic biomarkers in the independent validation cohort, these miRNAs may be of potential prognostic clinical interest: serum miR-122-5p and miR-206 levels were increased in patients with metastatic disease. Furthermore, miR-122-5p levels were correlated with grade and miR-206 levels with pT-stage. Additionally, we could show that high levels of miR-122-5p and miR-206 were associated with a significantly shorter period of progression-free, cancer-specific, and overall survival. Thus, both miRNA may serve as prognostic parameters. So far, only two studies reported circulating miRNAs in RCC patients to be of potential prognostic relevance: miR-378 levels were increased in patients with advanced pathological stage and correlated with diseasefree survival [10] and miR-221 expression was associated with an increased risk of RCC-related death [13] .
In the validation cohort, both miR-122-5p and miR-206 were downregulated in serum of ccRCC compared to healthy controls. Interestingly, we determined a shift to increased serum miRNA levels in patients with advanced ccRCC. Serum levels of miR-206 were downregulated in advanced tumors compared to the healthy control group, whereas miR-122-5p expression was circulating at a similar level. This may also explain the finding of miR-122-5p upregulation in the small RNA sequencing experiments, where the proportion of advanced tumors has been slightly higher in discovery cohort.
Increased miR-122-5p expression in ccRCC tissue was described earlier [26] [27] [28] . Lian et al. [29] described an increased ability of invasion and migration through activating PI3K/Akt signaling pathway in A498 and 786-O cells overexpressing miR-122. Treatment of CAKI-1 and 786-O cells with a miR-122 inhibitor led to a G0/G1 arrest and overexpression of Spry2, which resulted in activation of the Ras/MAPK pathway and improved tumor cell proliferation [30] . miR-206 was described as tumor suppressor for various tumor entities [31] [32] [33] , e.g., bladder cancer [34] , lung cancer [35] , and gastric cancer [36] . In ccRCC, miR-206 is decreased under hypoxia leading to upregulation of VEGF and MET, thereby promoting tumor angiogenesis, invasion, and metastasis [37] . Xiao et al. [38] described that induced upregulation of miR-206 in ACHN and SN 12 PM 6 cells inhibited cell proliferation and colony forming ability through targeting CDK4, CDK9, and CCND1. Thus, miR-206 is not only a potential biomarker, but also a potential target for the therapy of ccRCC and other cancer entities.
Various studies focused on miRNAs as RCC biomarkers either in tissue or blood samples. Iwamoto et al. [21] and Zhao et al. [39] showed that miR-210 is upregulated in RCC tissues and associated serum samples. Thereby, they were able to point out a connection between modified miRNA expression in cancer tissues and the possibility to detect these miRNAs in serum samples. The cellular function and mechanism of passing into blood circulation of most miRNAs is largely unknown. Our study identifies miR-122-5p and miR-206 as possible biomarkers for renal cell carcinomas, but a direct comparison between corresponding tissue and serum samples is missing so far. Further research is needed on this subject to improve the validity of these serum miRNA biomarkers.
piRNA came increasingly into focus as potential biomarkers. So far, only two studies described a total of six piRNA in renal cell carcinoma tissue with prognostic potential [18, 19] . We were able to detect piRNA uc032och.1 at increased levels in serum of RCC patients via small RNA sequencing. The amount of piRNA seems to be distinctly lower in serum samples than in cancer tissues. Therefore, we were not able to amplify this piRNA using real-time PCR. More stable expressed piRNAs and improved experimental procedures may allow precisely quantifying small amounts of piRNAs in liquid samples and would open an interesting field of research.
Most studies with the focus on liquid biomarkers for tumor entities have used serum samples for their experiments, whereas a minority worked with plasma probes. Wang et al. [40] reported a higher RNA concentration in serum samples than in corresponding plasma probes. The additional amount of RNA may be released from blood cells during the coagulation process, leading to a possible influence of miRNA levels. Bearing this in mind, it is difficult to compare studies based on different raw materials directly. Up to now, only one study described miR-7, miR-221, and miR-222 as potential diagnostic biomarker for renal cell carcinoma [14] . Furthermore, diverging preanalytical parameters, varying amplification techniques, and different normalization approaches make a direct comparison of miRNA studies challenging [15] .
Some limitations of our study should also be mentioned: The small RNA sequencing experiment was originally designed to detect serum miRNAs with the ability to discriminate between RCC and benign renal tumors. Instead of being a diagnostic marker, the detected miRNAs turned out to have prognostic potential. Furthermore, angiomyolipomas are relatively safely diagnosed by radiological imaging and these patients usually do not undergo surgery for the suspicion of malignancy in contrast to other patients included in the benign renal tumor group. In addition, our study focused on the analysis of serum samples and the expression of the miRNAs was not validated in renal tissues. Another important step is to confirm our findings in ccRCC tissue samples and investigate the cellular functions of miR-122-5p and miR-206.
Conclusion
High serum miR-122-5p and miR-206 levels indicate advanced stage/grade and are predictive for a shortened survival following nephrectomy for ccRCC. Thus, miR-122-5p and miR-206 are potential prognostic noninvasive biomarkers for serum of ccRCC patients.
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